Tritium is a naturally occurring radioisotope produced continuously in the atmosphere by the neutron interaction of cosmic ray with helium ( 4 He(n,np) 3 H). It is also produced as a by-product or special product in nuclear reactor systems. Tritium produced in nuclear power reactors as a result of the fission of heavy nuclei and by neutron interaction with coolants, moderators, and some light elements ( 4 Li, 7 Be, and 10 B). 1 Tritium labeled materials are extensively used as tracers, in density gauges, in teletherapy, and as the self-luminious light sources in industrial, medical, educational, and research organizations. 2 Tritium is a radioactive isotope of hydrogen and has a half-life of 12.3 years. It decays to 3 He by emitting low-energy beta radiation with an average energy of 5.7 keV and a maximum energy of 18.6 keV. 3, 4 In general the amount of tritium present in a sample is measured by three methods: the sample oxidizer method, 5 the bomb oxidation method, 6 and the wet oxidation method. 7 The sample oxidizer method has been used commercially for the separation of tritium by igniting the sample for a short period of time, i.e. for about 5 min. However in this method, less than 1 g of the sample can be ignited at a time. If the sample has a low density, there may be difficulty in measurement because this method cannot use large volumes. The bomb oxidation method, on the other hand, can handle a larger weight of sample (up to 20 g), but
it produces large quantities of water because of complete ignition of the sample. Hence, a longer time is required to reduce the volume of produced water produced. The wet oxidation method can treat an amount of about 5 g and can control the volume of the H2O produced. However this method cannot handle noncombustible samples such as the glass bottle.
The I, etc.) present in the wastes are the difficult-to-measure (DTM) radionuclides. Since the wastes are composed of both scissile and unscissile samples, they need to be measured using an established method.
In this study, the wastes generated from various institutes or industries were classified as combustible and non-combustible materials. Some examples of the samples are vials, pipette tips, tubes, syringes, papers, bottles, etc. The radioisotope (RI) wastes containing tritium were chemically separated and analyzed by a wet oxidation method modified for open vessel equipment, which was capable of handling samlples of large size and weight ( Figure 1 ).
The background count rate and specific activity were evaluated from the detection limit (LD, cpm) 8 and the minimum detectable activity (MDA, Bq/g), 9, 10, 11 respectively.
Cb: Background count rate (cpm), Tb: Background counting time (min), εEff: Counting efficiency, W: Weight of sample (g), and Ts: Sample counting time (min).
The MDA values of the solid samples for tritium counting were measured to be ~1 × 10 -2 Bq/g. For the counting time of 30 min, the counting efficiency was 30%. And the mass was about 20 g. As shown in the equation 2, the counting efficiency (εEff) was influenced by the MDA value at the same counting time (30 min) and the same weight (20 g). If the count rate of the sample is below L D , it means that the activity of the sample is not detectible (N.D.). Even if the count rate is over LD, if the specific activity of the sample is below the MDA value, this activity would be regarded as N.D. The recovery efficiency for tritium of the simulated samples was measured using an open vessel device. The percentage of the counting for tritium was found to be about 96% with an error tolerance of (1 ~ 2)% RSD ( Table 1 ). The count rate was monitored in cpm (counts per minute). The cpm was converted to dpm (dis-integrations per minute), which is adjusted with the counting efficiency (25 ~ 30)%. Generally, the counting efficiency for tritium is about 35% if 14 mL of the cocktail and 5 mL of water are used as the LSC samples. 5 In this case, the low efficiency was caused by a quencher such as NOx generated from the sample.
The radioisotope (RI) wastes generated from the various organizations were classified into combustible and non-combustible materials. Combustible wastes, of which there were 47 RI samples, were composed of PE vials, PE tubes, papers, syringes, plastics, reagent bottles, etc. Non-combustible wastes, of which there were 12 RI samples, were typically made up of glass objects such as vials, reagent bottles, tubes, etc. The experimental should treat a large weight or volume of the samples to minimize the matrix effect since most of the samples were large in their size, and furthermore the samples were heterogeneous. The specific activities of the combustible and non-combustible wastes generated from the various organizations Tables 2  and 3 . The RSD was less than 30% except for C01 (37%), C02 (45%), and NC02 (35%) samples. The relatively low RSD was due to the low specific activity and heterogeneous sample type (tube, paper, vinyl, etc). The RI wastes with higher activity than that allowed in the regulation as per the Notice (100 Bq/g) were monitored within 15% for combustible samples and 50% for non-combustible samples.
In summary, RI wastes with low density and low homogeneity generated from industrial, medical, educational, and research organizations were treated by a wet oxidation method using modified open vessel equipment to measure the activities of tritium. The recovery efficiency of tritium for the simulated experiment was around 96% with (1 ~ 3)% RSD. The counting efficiency was measured to be (25 ~ 30)% and the MDA was found to be 1 × 10 -2 Bq/g. The specific activities for the combustible and non-combustible materials were measured to be (1.23 × 10 0 ~ 6.23 × 10 3 ) and (3.76 × 10 0 ~ 6.38 × 10 4 ) Bq/g, respectively. The RSD of the specific activity was typically less than 30%. Hence, it can be concluded that a wet oxidation method using open vessel equipment can be used both for the treating the samples of low density such as the paper and vinyl and the heavy weight samples such as metal and reagent bottles.
Experimental Section
Reagent. Tritium in the HTO form purchased from Amerisham Co. was used after the activity was diluted to 117 Bq/mL. The RI wastes used were those generated from the industrial, medical, educational, and research organizations since 1995.
Equipment. Open vessel equipment was manufactured for treating a large weight and/or size in an acidic condition. The tritium contents were determined by a liquid scintillation counter, LSC 2500 TR/AB (Model Chill Pack 1419, Perkin-Elmer). The measured cpm was converted to dpm by adjusting the counting efficiency.
The simulation of the solid wastes: 5 g of K2S2O8 and 0.5 g of AgNO 3 were added to 50 mL of 1.5 M H 2 SO 4 solution. 20 g of the solid wastes (vials, pipette tips, tubes, syringes, paper, glass) and 0.1 mL the standard tritium (HTO; 117 Bq/mL) were then added to the solution. After refluxing for 3 h, the collection of tritium (HTO) was distilled to the collector (Figure 1 ). 5 mL of distilled water in HTO form as LSC samples was mixed with 14 mL of Ultima-Gold XR. The samples and the background were counted by LSC for 30 min and the count was adjusted by the quenching correction curve.
The distillation of the RI wastes: The same procedure as the simulation experiment was repeated except that in this case (10 ~ 30) g of the RI wastes brought from the various organizations was used. The activities of tritium (HTO) produced from the distillation were counted by LSC. This was adjusted by the quenching correction curve and the background count rate for 30 min.
